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Introduction
The fracture toughness of ceramics can be measured by a variety of techniques such as the chevronnotched beam (CNB) (Refs. 1 and 2); the single-edge-precracked-beam (SEPB) (Refs. 3 and 4), or the surface-crack in flexure (SCF) (Ref. 5 ). All of these techniques have been standardized by American Society for Testing and Materials (ASTM) Committee C28.01 as C1421 (Refs. 6 and 7). One issue concerning the techniques is the crack growth stability of the test. This is a fundamental requirement for the chevron-notch technique, and may be required to avoid small errors in the SEPB technique (Ref. 8) . The stability of SEPB (Ref. 9 ) and chevron-notch (Refs. 2 and 10) test specimens has generally been investigated by monitoring load-point displacement (LPD) with the remotely placed, linear variable differential transducer (LVDT) used to control the test system actuator or cross head. Alternatively, stability is presumed or the matter ignored. As the crack extensions in typical ceramic chevron-notched flexure specimens are large (> 0.6 mm), the use of load-point displacement is frequently adequate to detect stability. However, for the SEPB specimen, which is relatively unstable because of the continuously increasing stress intensity factor coefficient, LPD as monitored with a remotely placed LVDT is often inadequate for assessing stability (Ref. 2) .
Results presented in this paper demonstrate that stability is the general rule and instability the exception in silicon carbide, silicon nitride, and glass four-point flexure specimens. This brings into question conclusions (Ref. 9) regarding the stability of four-point flexure specimens and the effect on the measured fracture toughness of ceramics. Other work (Ref. 11) also indicates little effect of stability on fracture toughness measured under quasi-static loading conditions.
Another testing issue concerning fracture toughness determination is the measurement of crack length, which has been identified as a major source of error in the fatigue testing of metallic materials (Ref. 12) . In ceramic materials, crack length measurement is even more difficult for a number of reasons: the small specimens typically used; the semi-transparent nature of many glass-based ceramics; the lack of plastic deformation at the crack tip which results in poor definition of the crack front; and the high elastic moduli and low fracture toughnesses that results in small crack mouth opening displacements. Coarse grain structure, as in spinels, can also mask the crack front. Although fracture toughness test specimens such as the chevron-notched beam and the double-torsion (Ref. 13 ) allow the estimation of fracture toughness without crack length measurements, they are not always applicable, and other specimens such as the SEPB and the SCF require crack length measurement.
A variety of optical, electrical and mechanical techniques can be used to indirectly or directly measure crack extension in macroscopically cracked specimens. These have been reviewed in detail for application to metallic testing (Ref. 14) . For ceramic materials, optical techniques are limited by the small crack opening displacements and the surface finish. Mechanical techniques such as clip gages apply forces to the specimen that can result in significant stress intensities when small test specimens are used.
A simple and sensitive technique that can be used to monitor crack length and extension in both the CNB and SEPB techniques is the back-face strain gage (BFSG). It has been used previously in metallic compact tension specimens (Refs. 14 and 15), and in fracture toughness testing of ceramic flexure specimens (Refs. 16 to 18). Figure 1 shows a strain gage mounted on the back-face of a flexure specimen. Figure 2 shows force as function of LPD and back-face strain (BFS) for a silicon nitride SEPB specimen. Although stable crack extension occurred, as demonstrated by the nonlinear region of the force versus BFS curve just before maximum load, the force versus LPD curve is completely insensitive to the extension. This is a result of remotely placed LVDT's being relatively insensitive to small changes in specimen compliance and therefore unreliable for detecting crack extension in small precracked ceramic specimens.
This paper presents compliance calibration data and new functions for calculating crack length from BFS as measured with different strain gage sizes. The associated errors are determined and recommendations given. Finally, fracture toughness of ceramics and glass is compared for different operational procedures.
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Finite Element Analysis
A two dimensional, plane strain finite element analysis (FEA) was performed to determine the BFS as a function of normalized crack length (a/W) for the four-point flexure specimen. The FEA results from several specimen heights were combined by writing the BFS as ( )
where P is the applied force, S i and S o are the inner and outer spans, E is the elastic modulus, B is the thickness, W is the height, a is the crack length, and ε N is the normalized strain taken as a function of normalized crack length. The normalized crack length as a function of absolute normalized BFS as determined from the FEA is shown in Figure 3 . For a/W = 0, ε N = 3/2, which correspond to that of an uncracked beam. The BFS is more sensitive to crack length changes for normalized lengths greater than a/W = 0.3.
The FEA BFS results were fit to 
where the letters A through F are coefficients listed in Table I . Equation (2) requires ε N to determine a/W.
This can be determined from the compliance observed (ε BF /P). For estimation of the normalized back-face strain produced with a given crack length, the results were fit to
where the coefficients are listed in Table 1 . Equations (2) and (3) 
Sensitivity to Specimen Geometry
The mode I stress intensity function for a beam with a straight through crack loaded in four-point flexure is
where F(a/W) is the stress intensity factor coefficient (Ref. 19) . By combining Equations (1) and (4), ε BF can be written as a function of 1/√W for a fixed crack length, elastic modulus and stress intensity factor or fracture toughness: 
Errors Associated With BFS

Uniformity of the Strain Field
The FEA results were also used to investigate the uniformity of the strain field along the back-face. Figure 5 shows the strain distribution for various normalized crack lengths. For normalized crack lengths less than approximately 0.6, the strain distribution is relatively uniform over a ± 0.5 mm region about the centerline, corresponding to about 25 percent of W. Although strain gages with grid lengths as small as 0.2 mm are readily available, for deep cracks and larger strain gages, an alternative approach is to derive a BFS calibration from the average FEA strain along a specified length, as done by a strain gage. Table 1 gives coefficients for 1 and 2 mm gage lengths (±0.5 and ±1 mm regions about the specimen centerline).
Contact Strains
Another error associated with the uniformity of the strain field is that due to the contact stresses generated at the loading points. The effect of contact loading on the back-face strain can be estimated from the derivation of von Karman and Seewald (Ref. 20) which is summarized in Reference 21. The contact stress and strain generated in the region between the roller and the crack along the back-face are
where P c is the contact force and β is a function of the position and given in Reference 21. The contact strain as a fraction of the BFS generated solely from the crack presence is
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Distance from Crack Plane, mm Figure 6 shows the strain ratio as a function of the normalized distance between the crack plane and the roller along the back-face. For normalized crack lengths and span to depth ratios of a/W ≥ 0.3 and S i /W ≥ 2.5, the contact strain is less than 1 percent of the back-face strain given by Equation (1) for a ± 0.2S i region about the crack plane, or within ± 2 mm for W = 4 mm, implying that the contact strains are very localized and of little consequence for typical gages and spans.
Sensitivity to Strain Gage Errors
The error associated with the estimated crack length as a function of the actual crack length is shown in Figure 7 for E = 300 GPa, K I = 5 MPa√m and the assumption that a strain gage and conditioner are accurate to ± 5 microstrain. For normalized crack lengths ≥ 0.3, the error is less than ± 2.5 percent for W ≤ 6 mm. The sensitivity of a circuit using a BFSG can be improved by placing multiple gages on the back-face when the specimen size permits, and by using large, high resistance gages. Errors can be minimized by good gage alignment.
Experimental Verification
In order to experimentally verify the FEA BFS calibration, notches were diamond ground into silicon nitride flexure test specimens. Two notch configurations were used to generate BFS data as a function of force: (1) square tip with a 0.76 mm long uniform section preceded by a 0.76 mm long, 60° mouth, and (2) a V-grooved tip (Ref. 22 ) preceded by 0.76 mm straight and 60° sections, shown in Figure 8 . The notches had an average width of 0.18 mm in the uniform section and the V-grooves had an average radius of 0.036 mm. Although such notches are too blunt for fracture toughness measurements, they were thought adequate for compliance measurements. The specimens were loaded between 20 and 40 mm spans at a rate of 20 N/s. The resulting, normalized crack lengths predicted from the slope of the force versus BFS curves and Equations (1) and (2) are plotted as a function of the optically measured, normalized notch depth, l/W, in Figure 9 . Overall agreement was good for a/W ≥ 0.4, with a maximum error of 2.9 percent for the square notched specimens and 0.2 percent for the V-notched specimens. However, for shorter a/W the BFS data tended to overestimate the notch length, and a slight bias in the data is apparent as the BFS estimated lengths are usually longer than the optically measured values by an average of 0.035 mm for the square notches and 0.012 mm for the V-notches. In order to determine if this was an artifact of the relatively blunt notch or machining cracks at the notch root, specimens were heat treated (Ref. 23 ) and the notch modeled with FEA. Annealing did not improve the results; however, modeling of the notch root shape produced good correlation between analysis and experiments.
Three of the saw-notched specimens made from the GPS silicon nitride were loaded to failure at 0.5 mm/min. No non-linear behavior was exhibited prior to catastrophic failure, indicating good bonding of the strain gages and no stable crack extension for the notched specimens.
Experiments With Sharp Cracks
Materials
1
The test materials (Table II) 
Test Geometries
The HIPed and HP silicon nitride specimens measured 3 by 6 mm and 3 by 4 mm in thickness and height, respectively, and were tested between 10 and 20 mm spans at a rate of 0.05 mm/min. The GPS and composite silicon nitride specimens measured 3 by 4 mm in thickness and height, and were tested between 20 and 40 mm spans at a rate of 0.5 mm/min. The silicon carbide specimens measured 3 by 4 mm in thickness and height, and were tested between 10 and 20 mm spans at a rate 0.01 mm/min. The glass specimens measured 5 by 8 mm in thickness and height and were tested between 20 and 40 mm spans at a rate of 0.5 mm/min. Test system stiffness ranged from 3,000 to 10,000 N/mm.
Precracking and Loading Mode
The specimens were precracked using the bridge indentation technique (Refs. 3 and 4). After precracking, a uniaxial strain gage (typically less than 1 mm gage length) was centered on the back-face opposite the precrack mouth. The precrack was then marked by applying a drop of oil based dye penetrant 6 as described in the next section. Specimens were loaded with one of the following modes: monotonic loading in displacement control until final fracture occurred, or monotonic loading until an increment of crack extension occurred, followed by unloading and reloading until another increment of crack extension occurred. This cycle was repeated several times until catastrophic failure. After failure, the crack length, as indicated by the dye penetrant, was immediately measured in an optical microscope at approximately 30x magnification. The specimens were then washed with acetone and the physical crack lengths optically measured.
Crack Marking
The precracks were marked by applying a drop of dye penetrant 6 to the crack mouth and allowing it to penetrate for a minimum of several minutes. Prior to testing, excess penetrant was swabbed from the surfaces with cotton and a solvent.
Penetrants are designed to infiltrate the crack and be wiped from the surface while retaining the ability to bleed out of a defect upon application of a developer. As a result, they tend to remain fluid and to creep or spread in the presence of a developer, making them a less than ideal agent for marking the length of a crack that is to be broken open. Thus, any crack length measurements must be made immediately after specimen failure and viewed with some suspicion. The tendency of a penetrant to spread away from the defect can be reduced by thinning with solvent (Ref. 27) .
Cracks in ceramics are very narrow and the degree of penetration is an issue. Studies on glass slide plates indicate that most penetrants and water will fill gaps less than 0.3 μm (estimates are as low as 0.1 μm) (Ref. 27 ). The results presented in the results section indicate that penetration is typically sufficient.
Ideally, a penetrant that will penetrate very tight cracks, dry without adhering the crack faces, and leave an indication is needed. The penetrant used in this study can be dried by baking in an oven at about 160 °C, however, a sticky residue that bonds the crack faces together results. If higher temperatures are used, the residue is hardly visible. An alternative is to use a lead acetate solution and a wetting agent. The disadvantage is that the dried lead acetate is not readily visible with optical methods, and thus scanning electron microscopy with back scattered electron imaging is required.
Corrosive Effects of Penetrants
The fatigue crack growth rates and threshold stress intensity factors of ceramics and glasses are affected by moist or humid environments. Thus, any penetrant used to mark the crack may enhance or retard such stress corrosion crack growth and thereby affect the properties being measured. Many penetrants, though oil based, contains emulsifiers that may form an alkaline solution if water gets into the container (Ref. 27 ). Such a water based alkaline solution could enhance corrosion of glasses and some ceramics.
The corrosive properties of the penetrant used in this study were investigated by running constant stress rate tests on glass specimens that were precracked by using a Vickers indenter with a 49 N load. After indenting, the specimens were dried for various times by placing them in a desiccator attached to a vacuum pump. The specimens were then removed, marked with the penetrant or silicon oil, and loaded at displacement rates that resulted in stressing rates from 10 to 1000 MPa/min.
The resulting failure strengths are plotted in Figure 10 . For specimens that are sufficiently dried (≥3.5 hr), the silicon oil (which acts as an inert environment) and the penetrant result in similar strengths and a large crack growth parameter (n = 80). However, for specimens dried less than 3.5 hr, a loss in strength (18 percent) and a crack growth parameter typical of glass (n = 22) is exhibited. This result is in agreement with crack growth parameters measured statically and dynamically with indentation flaws in water (n = 18 to 22 (Refs. 28 and 29)), indicating that the penetrant does not affect slow crack growth behavior unless significant vacuum drying is performed.
Results
6.1
Capabilities of Penetrant Figure 11 shows crack lengths determined from the same specimens with penetrant and after washing the penetrant off. Agreement was excellent except when the crack front could not be readily delineated and measured at three points along the crack front: the mid-thickness and the two quarter-thickness points. Such results are plotted with zero values on the abscissa. Measurements without penetrant were particularly difficult for the in situ toughened materials because of the coarse microstructure.
It was noted during the optical precrack measurements that when the precrack segment and the fast fracture segment were well aligned, the crack could not be detected optically without using penetrant, as shown in Figure 12 (A) and (B). This occurred in about 25 percent of the specimens. For such specimens, the crack length as measured with the penetrant was used for any further calculations requiring a crack length.
Evidently, optical measurements without penetrant detect the line of intersection formed by the precrack and fracture planes, as shown in Figure 12 (C) and (D). The misalignment is the result of the precrack tip turning out of plane or being "hooked."
The specimen showing the worst agreement was a HIPed silicon nitride specimen cycled multiple times before failure occurred. The BFS indicated crack growth of 0.34 mm prior to failure, corresponding to three-quarters of the discrepancy shown in Figure 11 . Evidently the penetrant, to a large extent, follows the crack when it is extended by cycling.
Crack lengths determined without penetrant measure the initial, physical length of a crack that is frequently out of plane with the final fracture plane. Thus both the optical and penetrant measurements are good approximations of the initial, physical crack length for monotonic loading if little crack extension occurs. However, the penetrant provides a better, though possibly inadequate estimate of the final, physical crack length when the crack is cycled.
Crack Length Estimation From BFS
Silicon nitride specimens exhibited three distinct regions: a short steep region; a large semi-linear region; and a short, highly nonlinear region (Fig. 2) . Glass specimens exhibited only the second two regions and the saw notched specimens exhibited only a single linear region.
The initial region represents the effective stress intensity factor or load to begin opening the precrack and overcome the "closure" caused by wedging of grains and asperities in the precrack wake. The middle region represents the compliance of the precrack and its slope was used to estimate the precrack lengths. The third region represents stable crack extension. Figure 13 compares the precrack length measured optically (generally without penetrant) with estimates made from the slope of the second region in the load-BFS curves. Excellent agreement is indicated for the HIPed material, which has a fine grain size, and the glass, which is amorphous. For the coarse grained, in situ toughened materials, the BFS slightly underestimates the optically measured precrack length. This is probably due to grain bridging in the crack wake that results in crack growth resistance and the appearance of a shorter crack.
In order to determine final compliance and the amount of stable crack extension occurring in the tests, a compliance line was drawn on the load-BFS curve from the final fracture point to the zero load point of the initial compliance line. Figure 14 compares the precrack length measured optically with estimates made from the load-BFS curves. All but two SiC test specimens exhibited measurable crack extension. On average, the silicon nitride materials extended 5 percent while the SiC extended 2.3 percent. Specimens subjected to several load-unload cycles exhibited substantial stable crack extension (> 0.20 mm), and the corresponding crack growth resistance curves based on BFS from a single specimen are shown in Figure 15 . 
Fracture Toughness Estimation
Fracture toughness can be calculated by a variety of methods: from the maximum load and optically measured precrack length; from the load at the onset of crack extension and the corresponding precrack length as measured with BFS; or from the maximum load and the corresponding crack length as estimated with BFS. Typically the first of these techniques has been used (Refs. 6 and 7) for very brittle failure in which little or no crack extension occurs. The second technique is complicated because the onset of crack extension and associated load are difficult to identify. However, this complication can be avoided by applying the technique used in ASTM E399 (Ref. 30) . A slope that corresponds to a fixed crack extension (e.g., ~ 2 percent) is drawn on the loading diagram and the load corresponding to the intersection used to calculate the fracture toughness. Values calculated by various methods are listed in Table III , and the first and second methods are plotted in Figure 16 . Only data from monotonically loaded specimens were used. Fracture toughnesses calculated with the maximum load and optical precrack length agree reasonably with those calculated from the load for 2 percent crack extension, P Q , and the optical precrack length. This occurs because the crack extension is small and occurs under nearly constant load. 
Effects of Crack Configuration on Stable Extension
SEPB precracks exhibit varying degrees of crack front straightness, and the cracks frequently curve out of the initial crack plane near the crack tip. The amount of stable crack extension exhibited in ceramics may be related not only to the materials crack growth resistance and sensitivity to stress corrosion, but also to the degree of crack tip hook and crack front straightness.
The effect of crack front straightness on the degree of crack extension is shown in Figure 17 . No particular trend is exhibited. The straightness was defined as the maximum of the differences between the crack lengths measured at the center and the two mid-centers of the specimen thickness.
The effect of precrack length on the stable crack extension is shown in Figure 18 . Again, no trend can be discerned.
The effect of out-of-plane curvature on the fracture toughness of the composite material, as calculated with the maximum load and optically measured crack length, is shown in Figure 19 . No significant effect is exhibited. The hook angle was defined as the angle between lines drawn tangent to the initial crack plane and the crack tip.
As mentioned in the previous section, two SiC test specimens did not exhibit stable extension, but crack jumps followed by unstable failure. The cracks in these specimens were noted to be relatively twisted, with fracture toughness of 2.73 as compared to 2.59 MPa√m for ideal cracks.
A more systematic study with a wider parameter range may be needed to distinguish the factors controlling the amount of stable extension. 
Discussion
Most noteworthy of the results is that crack stability during fracture of ceramics is the rule rather than the exception, regardless of the test material or crack length. However, adequate detection techniques must be used as demonstrated by Figure 2 , otherwise stable tests may be interpreted as unstable. Further, use of a very large load cell in order to promote system stiffness and stability, as done in Reference 9, is ill advised as the precision is diminished. The tests in this work used 500 to 2000 N load cells.
The apparent lack of stability reported in Reference 9 is the result of using a remotely placed LVDT to detect compliance changes. For long cracks the compliance and its change are large and can marginally be detected; however, for short cracks, the changes are too small for detection via the LVDT.
The lower fracture toughness observed in Reference 9 for specimens that had long cracks and appeared to be stable is probably a result of the crack extension changing the actual SIFC (stress intensity factor coefficient) in long cracks more than for short cracks, and the use of the SIFC corresponding to the precrack. For long cracks the SIFC increases more rapidly than for short cracks. Thus for any crack extension the error between the real SIFC and that associated with the precrack length is exacerbated as the crack length becomes greater. Another other source of error associated with crack stability is that resulting from poor crack configuration. For example, twisted cracks exhibit little or no stable crack extension. The instability probably results from the divergent paths along the crack front causing pinning so that a larger load, which is usually unstable, is required for propagation. This led to larger apparent fracture toughness measurements in Reference 2.
Fracture toughness measurements made with maximum load and the precrack length are comparable to those made with 2 percent extension for the materials tested. Initiation stress intensities and maximum resistive intensities are significantly different. Crack closure was exhibited by the materials with coarse microstructures, and thus the initiation toughness values are likely higher than the initiation toughness associated with a traction-free crack or possibly a fatigue crack. Fatiguing of precracked specimens or use of the SEVNB specimen may provide better measurements of initiation values.
Summary
The back-face strain gage is a simple, inexpensive method for monitoring crack extension in ceramic flexure specimens during fracture toughness testing, and indicates that four-point flexure is adequately stable for accurate fracture testing of ceramics. It is recommended that the crack length be between 0.3 ≤ a/W ≤0.6 with 1 ≤ W/B ≤ 2 and S i /W ≥ 2.5. For small flexure specimen, strain gages should have a gage length less 1 mm.
All silicon nitride specimens tested exhibited stable extension prior to fast fracture, despite the use of four-point flexure. Unstable extension occurred only for two silicon carbide specimens that contained twisted cracks. An average stable crack extension of 5 percent, as measured with the BFSG, occurred in the silicon nitrides tested. For silicon carbide an average extension of 2.3 percent occurred. Precrack lengths are difficult to optically measure when the precrack plane and the final fracture plane are well aligned. This occurred in approximately 25 percent of the specimens tested. Also, the apparent precrack lengths estimated from force versus BFS data reasonably estimate the physical precrack length for materials without a microstructure (e.g., glass) or with a fine microstructure. For in situ toughened materials, force versus BFS data slightly underestimated the physical precrack length. Common operational procedures gave similar estimates of fracture toughness.
